Interstitial oxygen loss and the formation of thermal double donors in Si
The combination of first-principles total energy calculations and a general kinetic model, which takes into account all processes of association, dissociation, and restructuring, is used to study the kinetics of thermal double donors ͑TDDs͒ in silicon over the temperature range of 300-650°C. A strong correlation is found between the formation rate of TDDs and the loss rate of interstitial oxygen atoms. Also, a close agreement with experiments is obtained. It is found that TDDs grow via consecutive reactions where fast diffusing oxygen dimers and all TDDs capture interstitial oxygen atoms. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1389505͔ Several kinetic models have been developed to describe the formation and annihilation of thermal double donors ͑TDDs͒ appearing in as-grown Czochralski silicon during annealing in the temperature range 350-550°C.
1-4 Usually, TDDs are assumed to have a common core onto which supersaturated oxygen is aggregated. One of the most important experimental results is the fast process of oxygen aggregation which takes place with a lower activation energy of 1.8 eV compared to the activation energy of 2.54 eV of the diffusion of interstitial oxygen (O i ). 5, 6 Most often, an oxygen dimer (O 2i ) is assumed to be responsible for fast diffusion in the temperature range 350-550°C, [7] [8] [9] in which case the formation would proceed as O 2i ϩO 2i →TDD1, TDD1ϩO 2i →TDD2, and so on. The main problem here is the fact that a far too high O 2i diffusivity is required. 8 On the other hand, it has been argued that a kinetic model without enhanced oxygen diffusion could give the formation and annihilation kinetics of TDDs at 550°C. 10 Thus, it is obvious that a satisfactory model which could give the kinetics of TDDs over the whole relevant temperature range of 300-650°C is still lacking.
We have recently developed a general kinetic model which describes properly the early stages of the formation of TDDs in the low-temperature range 350-420°C. 11 The aim of the present letter is to extend the previous calculations and to report the long-time annealing behavior for the whole relevant temperature range of 300-650°C. Of specific interest is the role of O i loss in the growth of the TDD series. We study the early formation rate of TDDs and the O i loss rate, which are observed experimentally to attain their maxima at 450-500°C, [12] [13] [14] [15] and to be proportional to the second and fourth power of the initial O i concentration ͓O i ͔ o at 350-400 and 450°C, respectively. 13, 16, 17 Our kinetic model-including all processes of association, dissociation, and restructuring between isomers of oxygen complexes-is described in more detail elsewhere. 18 All energies used in the kinetic model are obtained by the density-functional total energy calculations. 11,18 -20 We find that the chain-like oxygen complexes are energetically most favorable and have the lowest migration energies. 11, 18, 20 The oxygen chains are ring-type and systematically assigned to TDDn with increasing number of oxygen atoms up to O 14 as follows:
11,20
In the kinetic model, the association of two migrating oxygen chains O j ͑containing j O atoms͒ and O k into an O jϩk complex occurs with the reaction rate (1 The calculated early formation rate of TDDs, d( ͚ n ͓TDDn͔)/dt, and the corresponding loss rate of O i , Ϫd͓O i ͔/dt, are shown as functions of annealing temperature in Fig. 1 . The rates are determined by a linear fit in the range of 0-5 h for Tр550°C and 0-2 h for TϾ550°C. The calculated formation rate of TDDs and the loss rate of O i are strongly correlated to each other, both having a distinct maximum just above 500°C. The O i loss rate is always higher than the formation rate of TDDs because each TDD includes several oxygen atoms ͑about 6.5 on the average͒. Both calculated rates have a maximum at about 510°C, which agrees reasonably well with the experimental value of 450-500°C. [12] [13] [14] [15] The calculated reaction order n in the re-
n equals 2 at 350-400°C and increases to 4 at 450°C, in close agreement with experiments where n is found to equal 2 at 350-400°C ͑Refs. 13 and 17͒ and to increase to 3.5-4 at 450°C. 13, 16, 17 The activation energies of O i loss and total TDD formation are determined from the Arrhenius plots, which are shown in Fig. 2 activation energies are in close agreement with the corresponding experimental values of 1.2 and 1.7-1.8 eV. 6, 22, 23 To compare the simulated O i loss rates with the experiments by Newman and his co-workers, [13] [14] [15] the effective diffusivity, D eff , is determined from the calculated rates of O i loss using the equation suggested by Newman and his co-workers: [13] [14] [15] 
The calculated values of D eff are given for the two different initial concentrations of O i in Fig. 3 together with experimental ones available. [13] [14] [15] The calculated general behavior of D eff agrees closely with that found experimentally, [13] [14] [15] although the calculated D eff exceeds the experimental one for TϾ450°C. This implies that also the calculated Ϫd͓O i ͔/dt agrees reasonably well with the experimentally determined loss rate.
Having established a reasonable agreement with experiments over the whole temperature range of 350-650°C, we briefly compare our kinetic model with earlier suggested models. While the other models usually consider TDDs as immobile targets onto which O i s or alternatively fast diffusing O 2i s or other oxygen related fast diffusing species aggregate, 5,9,10,13-16,24 our results reverse the situation. According to our kinetic simulations, the TDD growth is caused by the consecutive reactions where fast diffusing O 2i s and ring-type oxygen chains ͑including the TDDs͒ all capture less mobile O i s. 11, 20 The calculated migration energies are 2.3 eV for O i , 0.4 -1.6 eV for O 2 -O 9 , and 1.6 -2.1 eV for O 10 -O 13 , respectively. 11, 18 Each O i capture gives rise to a formation of a new TDD: TDDnϩO i →TDD(nϩ1). The main reason for this behavior is the fact that ͓O i ͔ is several orders of magnitude larger than any other ͓O k ͔, making the association terms 4r 0 (
is significantly smaller than other diffusion constants, the sum D i ϩD k is still of the same order of magnitude as any other sum D j ϩD k ͒. For the same reason, it is natural that the formation rates for reactions O 2i ϩO n →O nϩ2 not including an O i capture turn out to be negligible.
Our kinetic model does not require any anomalously high O diffusivity and/or anomalously long annealing times, which are required by the models based solely on O i diffusion. [13] [14] [15] The simulated O i loss-especially around 400-450°C-remains reasonably close to the experimentally observed O i loss, and at the same time measurable concentrations of long O chains with up to 14 O atoms ͑corre-sponding to TDD12͒ are formed within a short time of about 10 h. In conclusion, we have studied the complex kinetics of dissolved oxygen in silicon. Our results show that the detailed understanding of experimental characterization can be achieved through the combination of first-principles total energy calculations and kinetic modeling. The presented results give a realistic description-at least at the semiquantitative level-of the kinetics of TDDs over the whole relevant temperature range of 300-650°C. 
